Introduction
In recent years, enormous interest has been shown in the multiferroic properties of the multilayered system based on La2/3Sr1/3MnO3 (LSMO) and BaTiO3 (BTO) films [1] - [5] . Each perovskite material has a particular ferroic order at room temperature, i.e., ferromagnetic (FM) for LSMO and ferroelectric (FE) for BTO, and BTO/LSMO heterostructures have exhibited magnetoelectric coupling (MEC) [6] - [8] . They constitute a type of artificial hybrid multiferroic material that can be employed to build the next-generation sensors, multiple-state memory elements, magnetic read/write hard disks, actuators, etc., [9] , [10] . In multilayered films, both electrical and magnetic properties of these ferroic perovskites are strongly affected by crystal lattice distortions originated by lattice-mismatched strain at film/substrate interface [11] - [14] .
For the LSMO and other manganites, the effect of the substrate-induced strain on its magnetic properties in single-layer configuration has been widely studied, particularly the influence of strain on the magnetic anisotropy [15] , [16] . Depending on the type and magnitude of the imposed biaxial strain (compressive or tensile) [17] , the pure cubic-symmetry (or biaxial) magnetic anisotropy of the unstrained LSMO film can be altered in different ways: (i) giving rise to the appearance of a uniaxial in-plane magnetic anisotropy contribution, which is significantly stronger than the cubic one [15] , [18] - [21] , (ii) inducing an out-of-plane magnetic anisotropy in compressivestrained films [22] - [26] , and (iii) suppressing the FM ordering in a small region of the layer, close to the substrate interface, due to large crystal deformations, resulting in 4 the formation of a dead layer with antiferromagnetic-insulating behavior [12] , [27] - [31] . Moreover, it was found that a uniaxial magnetic anisotropy is artificially induced in LSMO films grown on ferroelectric BFO substrate when the polarization of the FE domains is switched into highly aligned stripe domains, inducing a magnetic easy axis in the FM layer parallel to the polarization direction [32] , [33] . In all cases referred above, the magnetic anisotropy of the LSMO has been affected either by a (LAO) single-crystal substrates where we choose for all of them the pseudocubic (001) direction perpendicular the substrate surface. We have grown the samples by pulsed-laser deposition and systematically varied the layers thickness. We structurally analyzed samples by reciprocal space maps (RSMs) around the pseudocubic (103) reflection in an X-ray diffractometer, and high-angle annular dark field in scanning transmission electron microscopy (HAADF-STEM). Local strain maps were reconstructed by geometric phase analysis (GPA) method on HAADF-STEM images. We magnetically analyzed samples by performing room-temperature polar plots of the remnant field, where we applied magnetic field on the plane of the sample along different directions. ). This behavior corroborates the expected fully-strained epitaxial growth (cube-on-cube) of the LSMO film where its in-plane lattice parameter is adapted to that of the substrate, and its out-of-plane lattice parameter is deformed accordingly [34] , [35] . The LSMO reflection for the sample grown on LAO substrate, Scheme 1(a), exhibits a low intensity and broad spot, which is influenced by the twinned nature of the rhombohedral LAO substrate, evidenced by the splitting of the LAO main reflection into three spots.
Results and Discussion
For the BTO layers, its Qx position is the same, within the experimental error, for all samples, and it does not coincide with the LSMO and substrate reflections, indicating that the in-plane lattice parameter of the BTO is not adapted to the substrate or to the LSMO film. Similarly, the Qz position of the BTO reflection is also the same in all maps. Interestingly, we observed a clear splitting of the BTO reflection spot for the bilayers grown on STO and LAO substrates, indicating the possible two different outof-plane lattice parameters. Result that we will discuss latter.
From Qx and Qz scattering vector components of each reflection spot, we have calculated the in-plane and out-of-plane lattice parameters of the BTO and LSMO layers in the heterostructures. We summarized such results in Table 1 . We also listed the lattice deformation (in percentage) due to the induced strain in the in-plane (fasystem) and out-of-plane (fc-system) lattice parameter of each film, defining fa-system and fcsystem as:
where a and c correspond to the in-plane and out-of-plane lattice parameter of the system and the subscript film and bulk are associated to the lattice parameters measured in the film and that reported for the bulk of each material, respectively.
According to equation 1, positive (negative) values of fa-system correspond to tensile (compressive) strain. In table 1 we summarize the strain values. As expected from the LSMO and substrate mismatches, STO and LAO substrates induce a high compressive (fa-LSMO = -2.3%) and moderate tensile (fa-LSMO = +0.7%) strain, respectively. A very weak compressive strain (fa-LSMO = -0.2%) is observed in the LSMO film grown on LSAT. According to Poisson's effect, each tensile (compressive) in-plane strain led to shrinkage (elongation) of cLSMO, where the higher the fa-LSMO magnitude the higher the fc-LSMO magnitude. For the BTO layers their in-plane lattice parameter is close to that of the bulk value, whereas the cBTO reveals two values corresponding to the two spots observed in the RSMs (scheme 1).
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Therefore, we have three scenarios that depend on the crystal distortion of the LSMO film: [110] and [110] ). This type of biaxial anisotropy has been observed in unstrained and tensile-strained LSMO films [2] , [15] , [38] - [40] . A similar four-fold shape we also observed in the bilayers (Scheme 4 (b)) grown on LSAT and LAO, indicating that the biaxial anisotropy is preserved after the deposition of the BTO layer. In previous studies, an emergent uniaxial contribution in LSMO films grown on (001)oriented STO is associated to crystal distortions of the film where the tetragonal crystal structure of the tensile-strained film can be locally altered with the formation of an orthorhombic structure due to different rotation patterns of the MnO6 octahedra to favor epitaxial growth [39] , [41] . To observe if the large mismatch between the tensile-strained LSMO and BTO systems (~ 2.35%) achieves deforming the LSMO atomic layers close to their interface, we performed a local strain study. For comparison between the strain results obtained by GPA and by RSMs, we plotted in-plane strain (fa-system), Scheme 5(d), and out-of-plane strain (fc-system), Scheme 5(e), profiles.
In Profile 1, we see that xx is equal to zero, on average, inside the STO and LSMO systems to then present a discontinuity around the BTO dislocation and finally follow an increasing tendency, reaching a value of xx = 1.54% at 37-nm thickness of BTO, and a maximum value of xx = 2.27% at the BTO surface (see strain profile in the Supplementary Information, traced along the whole BTO thickness). A zero value of xx between STO and LSMO is caused by adapting afilm-LSMO with aSTO, while the increasing behavior of xx observed above the dislocation is associated with the tendency of BTO to recover its unstrained in-plane lattice parameter in bulk. In terms
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of fa, we see how the substrate-induced strain elongates the in-plane lattice parameter of LSMO around 0.7%, which agrees with that calculated from RSMs. In addition, the in-plane lattice parameter of the BTO layer is compressed down to -2%, at the interface, to then relax progressively, reaching a value of fa = -1% at 47 nm to the LSMO/BTO interface and fa = 0% at 140 nm, just in the free BTO surface (not shown here). inherent to the GPA method [43] , with an extended and strong variation around each interface that cannot allow measuring the strain close to them (around 2 nm above and below the interface). However, valuable information can be extracted from them, especially in the LSMO layer where we see that the zz profiles follow a decrease trend. In terms of fc, we find that the out-of-plane lattice parameter slightly elongates, by 0.3%, close to the STO/LSMO interface, and then it compresses. In profile 1, cfilm-LSMO experiences compressive strain up to 0.5% (i.e., fc = -0.5%), which is in good agreement with that value measured in the RSM. In profile 2, the compressed effect is much higher reaching a value of fc = -1.1%.
As discussed, shrinkage of cfilm-LSMO is a direct consequence of the tensile-induced strain effect provoked by the substrate in the film; however, a small expansion close to the substrate interface has been observed in LSMO film grown on STO (001) [35] and is caused by the suppression of octahedral rotations. Again, we find that the absence of misfit dislocations close to the LSMO/BTO interface allows inducing additional shrinkage to the out-of-plane lattice parameter of the LSMO film.
Therefore, the microscopic study of the crystal strain reveals that the BTO overlayer promotes an inhomogeneous strain distribution in the LSMO atomic layers close to the BTO/LSMO interface, where the absence of BTO misfit dislocations induces additional tensile-strain effect in the surrounding LSMO lattice. Such additional strain achieves producing c/a ratios down to 0.976 that can be much higher just in the boundary of the LSMO/BTO interface. As demonstrated in a previous work [41] , a drastic reduction of cfilm-LSMO/afilm-LSMO ratio favors rotation of the MnO6 octahedra out of the plane, which results in the emergence of uniaxial anisotropy that increases with the increase of the tilting angle of the MnO6. Thus, the uniaxial contribution of the magnetic anisotropy in the tensile-strain LSMO films comes from these extra tensilestrained regions.
Conclusion
In summary, our study on the magnetic anisotropy of an artificial ferroelectric BTO/LSMO system allows observing an unexpected in-plane uniaxial magnetic anisotropy in the ferromagnetic layer. In more detail, we found that a BTO overlayer modifies the biaxial anisotropy of tensile-strained LSMO films, grown on (001)- an additional tensile strain that, in consequence, promotes the emergence of a uniaxial anisotropy. From a magnetic point of view, this finding shows a new route to alter the magnetic behavior of the LSMO layer, while from an applicative point +of view, it becomes a new parameter to consider in future studies to fully understand the magnetic-electric coupling effect in this particular hybrid multiferroic system.
Experimental
We grew epitaxial LSMO single layers and BTO/LSMO bilayers by the pulsed-laser deposition (PLD) technique, employing a KrF excimer laser at 248 nm pulse wavelength and 20 ns pulse duration. The films were grown on 5 × 5 × 0.5 mm 3 (001)-oriented STO, LSAT, and LAO single-layer substrates. The deposition of single LSMO films was performed at a substrate temperature of 830 °C and oxygen pressure of 400 mTorr, as described elsewhere [12] , [44] , followed by a cooling cycle between 830 and 20 °C at an oxygen pressure of 700 Torr to favor optimal oxygen stoichiometry, at a cooling rate of 10 °C/min. In the case of the bilayers, the BTO film was then deposited at 830 °C and an oxygen pressure of 3 mTorr. After BTO growth, samples were cooled down at an oxygen pressure of 700 Torr. We chose the The thickness of each individual layer was determined by X-ray reflectivity (not shown). Crystal structure analysis of each film was performed by means of reciprocal space maps (RSM) around the pseudocubic (103) reflection that permit measuring the in-plane (a) and out-of-plane (c) lattice parameter for each layer. Both measurements were performed in a Bruker D8 ADVANCE diffractometer using a
